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Chapter 1

Introduction to MEMS and RF-MEMS: from
the early days of microsystems to modern

RF-MEMS passives

1.1 Introduction to semiconductor and microsystem technologies
Thinking of electronics and wondering about the intricacy of paths through which it
has modified our habits, expectations and way of living in the last few decades,
linking all these facts to the invention of the transistor (by John Bardeen, Walter
Brattain and William Shockley at Bell Labs in 1947) seems quite spontaneous, both
to people holding technical skills in semiconductor technologies, as well as to the
general public. It is unequivocal that the transistor, as an elemental building block of
any electronic circuit, was and is still today, the key element enabling the
implementation of more complex and increasingly smart function/functionalities
carried out by smaller, more integrated and less power-hungry devices.

Nonetheless, a quite critical consideration must be dragged into the spotlight
before moving the discussion to the world of microsystems. In a rather effective
attempt to reduce the complexity of a highly branched scenario, the transistor,
according to a rather strict and classical definition, realises a limited set of main
functions, as it can be exploited as a relay, i.e. an ON/OFF switch, as a varactor (i.e.
variable capacitor), or as an amplifier, i.e. a device able to increase the amplitude of
an electrical signal according to a certain proportionality law. None of these
functions were enabled or invented by the transistor. The first electrically operated
switch, or relay, is attributed to the American scientist Joseph Henry in 1835. Its
development was driven by the advancement of telegraph technologies. On the other
hand, the first thermionic valve for amplification purposes was invented by
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John Ambrose Fleming in 1904. Bearing in mind this scenario, it is straightforward
that transistors and, more generally, semiconductor technologies, have been playing
a key role in the development of electronic devices for decades, with no leverage on
the novelty or complexity of the function implemented by a single device, with
respect to its vacuum valve traditional counterpart. The actual key-enabling feature
of semiconductor-based components is miniaturisation, closely linked to the ease of
integration. Just to provide a simple visual interpretation of the latter concept, it is
sufficient recalling that the computational capacity of a modern smartphone, 55 or
60 years ago, would have required a medium-size apartment full of thermionic
valves, relays, wires and power cables, to be implemented. As a matter of fact,
miniaturisation and integration enabled by semiconductor technologies, triggered a
relentless trend in increasing the implemented complexity, counterbalanced by a
moderate and, therefore, affordable spread in manufacturing and production costs,
as well-framed by Moore’s law [1]. As a matter of completeness, the latter states that
with the advancement of technology, the number of transistors that can be
integrated in a square inch of silicon doubles roughly every two years.

On the other hand, the development of microsystem technologies has followed a
path that exhibits several factors in common with semiconductors, yet marking
fundamental differences from such technologies for many other critical aspects.

Microsystems, which are universally referred to with the MEMS acronym
(Micro-ElectroMechanical Systems), are millimetre/sub-millimetre devices, realising
a certain transduction function between two (or more) distinct physical domains,
among which the mechanical one is always involved. More simply, regardless of the
specific function it is conceived for, a MEMS device always features tiny structural
parts that move, bend, stretch, deform and/or contact together. These peculiarities
make microsystem devices particularly suitable for the realisation of a very wide
variety of micro-sized sensors and actuators.

Provided with these basic concepts, a few considerations around the differences
and similarities of MEMS versus semiconductor technologies can now be developed.
Commencing from the most obvious diversities, while semiconductor devices are
active, i.e. able to amplify an electrical signal, MEMS are exclusively passive, i.e.
can just attenuate an electrical signal. However, transistors do not feature any
movable or deformable part, i.e. they do not exploit the mechanical/structural
domain to realise transduction functions.

From a technological point of view, MEMS and semiconductors share most of
the same micro-fabrication steps, as will be discussed later in more detail. Both
feature selective deposition/removal of conductive/insulating thin-films by means of
lithography, despite a few peculiar steps and sequences of fabrication that are typical
of MEMS only.

Both MEMS and semiconductors pursue the concept of miniaturisation.
However, if semiconductor devices, beyond down-scaling, implement in the elec-
trical/electronic domain the multi-physical function of traditional components,
MEMS often miniaturise classical objects, keeping their transduction across
physical domains. To this regard, the example of the aforementioned relay is quite
explanatory. The traditional electrically operated switch exploits the transduction
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between the electrical and mechanical domain to realise the ON/OFF function. The
transistor (when exploited as a switch) realises such a function entirely in the
electrical/electronic domain. In contrast, a MEMS switch commutes between
the ON/OFF state by coupling the mechanical and electrical domains, likewise
the traditional device, despite the former being typically two or even three orders of
magnitude smaller compared to the latter.

Also, importantly, the concept of miniaturisation is inflected in a radically diverse
fashion when referring to semiconductor and MEMS devices. In the first case, as
mentioned earlier, the trend in down-scaling has been continuous for decades. In
order to build a more circumstanced idea, in Complementary Metal Oxide
Semiconductor (CMOS) technology, the reference geometrical feature character-
ising the transistor is the channel length. In the mid-1980s such a length was around
4 μm, in the mid-1990s it was roughly 600 nm, in 2010 it reached 30 nm, while
nowadays it is well below 20 nm [2]. This trend is, broadly speaking, addressed by
the turn of phrase ‘More Moore’, indicating the substantial hold of validity of
Moore’s law.

The concept of miniaturisation played by microsystem technologies, is completely
different with respect to the aforementioned sketched scenario. First, there is no such
thing as a trend in evolving technologies and processes in order to make the same
MEMS device smaller, from one year to the next. Instead, a strong driver exists in
implementing more and more functionalities, possibly bringing them from the
macro- to the micro-world. In other words, if the transistor was the same device over
a number of decades, benefiting from being smaller and becoming, in turn, faster,
less power consuming, more integrated and so on, the MEMS is a miniaturised
object that benefits from implementing more and/or diverse sensing/actuating/
transducing functions, by means of a device roughly of the same size. Because of
these characteristics, microsystems, as well as other non-standard technologies not
mentioned here for brevity, are generally labelled by the turn of phrase ‘More than
Moore’ [3], indicating that their evolution through time does not follow Moore’s
law, as they cannot be standardised according to a development trend exclusively
built upon the continual shrinking of dimensions.

Eventually, from a different perspective, the concept of miniaturisation is
radically dissimilar in quantitative terms, as well, when referring to semiconductors
rather than microsystems. While CMOS transistors, as mentioned before, are
framed today in the range of nanometres, a MEMS sensor/actuator can span
from a few micrometres (in-plane dimensions), to hundreds of micrometres, or even
to a few millimetres. Therefore, if a MEMS switch is nearly invisible to the naked
eye when compared to a traditional relay, it is massive when placed beside a CMOS
transistor.

In the following subsections, a few key considerations will be developed around
the early days of MEMS, the most diffused micro-fabrication techniques and their
market applications. Such concepts will help one to understand the core topic of this
work, which will be introduced immediately after, i.e. MEMS for Radio Frequency
applications, universally known as RF-MEMS.
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1.1.1 The genesis of MEMS

As already discussed, the non-standard underlying peculiarity of microsystems with
respect to semiconductors has emerged. Due to this reason, development of MEMS
as a whole has not followed a well-established path, making it difficult to determine
an exact point in time corresponding to the conception of microsystems.

From the point of view of technology, the key fabrication steps developed
concomitant with the growth of semiconductor technologies starting in the 1950s.
Nonetheless, the exploitation of such techniques aimed towards the manufacturing
of microsystems commenced later, in the early 1970s. The advancement of silicon-
based semiconductor technology motivated the scientific community to investigate,
beside critical aspects related to the electrical/electronic characteristics, the mechan-
ical properties of the materials involved in the manufacturing of semiconductors. In
this regard, significant contributions can be found, for instance, in the valuable work
of several authors concerning the mechanical properties of both bulk materials [4]
and deposited thin-layers [5–7], dating from the mid-1950s to mid-1960s.
Nevertheless, the exploitation of such techniques aimed towards the manufacturing
of micro-devices with movable parts and membranes emerged later, in the period
from the second half of the 1970s to the beginning of the 1980s.

Examples around how to exploit anisotropic etching to obtain a variety of
3D suspended structures from a silicon substrate are provided in [8]. Such
techniques, together with those typically exploited for the fabrication of transistors
and Integrated Circuits (ICs), led to the realisation of miniaturised pressure sensors
[9], accelerometers [10, 11], switches [12, 13], and other devices for various applica-
tions, such as in the optical and biomedical fields. A remarkable article summarising
the state-of-the-art microsystem technologies, and providing a comprehensive outlook
around diverse applications, was authored by Petersen [14] at the beginning of the
1980s.

Nonetheless, it was with the further maturation of the surface micromachining
fabrication technique [15] that the development of microsystems started to receive a
significant boost, leading to the concepts of MEMS sensors and actuators as we
know them today. A relevant contribution is represented by the work of Howe and
Muller [16] in 1983, in which micro-cantilevers and double-supported beams were
realised in polycrystalline silicon, and released suspended above the substrate, via
silicon oxide utilised as a sacrificial layer. Since then, a wide variety of MEMS-based
sensors, actuators, and various mechanisms, like gears and micro-motors, have been
developed, tested, and reported in the literature [17–19].

In addition to what has just been outlined, another significant element of diversity
emerges between semiconductor and microsystem technologies. The integration of
transistors in silicon-based substrates on one side, and the novelty of the electrical/
electronic properties of semiconductor materials, on the other hand, stimulated for
decades the aggregation and strengthening of a distinct and unprecedented multi-
disciplinary domain of science. Within it, classical physics and chemistry converged,
mainly driven by the development of technology, together with mathematics and
electrical techniques necessary for the functional understanding of novel devices.
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This resulted in boosting the development of the electronics discipline, which today
encompasses, at the same time, computer-based codes for designing circuits and
systems, as well as quantum theory to describe the physical behaviour of state-of-
the-art semiconductor devices.

On a different plane, microsystems did not prosper as a well-structured discipline
in the beginning. Essentially, the possibility to realise mechanical micro-devices was
seen in the early days as a sort of side-branch of the more and more standardised
semiconductors manufacturing stream. As the small scientific community working
in the MEMS field was mainly involved in the development of transistors and active
devices, a consolidated background in mechanics and structural mechanics was
essentially missing. However, the community of mechanical/structural engineers was
neither particularly interested in, nor even fascinated by, the idea of bringing part of
their expertise down to the micro-world, especially from the mid-1950s to the 1960s,
when the massive development of modern aircraft was driving research. It was only
much later, roughly from the first half of the 1990s, that MEMS started to emerge as
a self-standing discipline, where basic knowledge of physics, chemistry, electronics
and fabrication started to be blended together with structural mechanics, electro-
mechanics and functional reliability. Such a statement is corroborated by the fact
that in those years the first books, scientific journals and international conferences
explicitly focused on microsystems started to emerge, supported by the growth of a
sectorial community of researchers, designers, engineers and developers.

1.1.2 Micro-fabrication technology platforms

The manufacturing of semiconductor components, like transistors, consists in a
sequence of steps in which different doses of dopant materials are selectively
implanted/diffused within a substrate (typically silicon) to obtain (locally) certain
electrical properties. The same implantation/diffusion, or alternatively the digging of
deep trenches, can be performed to enhance isolation and reduce the cross-talk
between adjacent devices. In addition, conductive and insulating layers are selec-
tively deposited/grown, or deposited/grown everywhere and then selectively
removed, in order to redistribute the electrical signals, from the intrinsic devices
to the external world. The most important steps in the manufacturing of ICs are ion
implantation, diffusion, epitaxial growth, chemical vapour deposition/physical
vapour deposition and their variations, wet and dry-etching, sputtering, evaporation
and electrodeposition of metals. The selection of the areas that have to undergo one
or more of the previously listed steps, is achieved by means of lithography [20]. A
typical cross-section view of CMOS transistors is depicted by the schematic in
figure 1.1.

Looking at the cross section, a couple of considerations must be developed. First,
the intrinsic device is made into silicon, where differently doped areas (with diverse
electrical/electronic properties) are obtained through the aforementioned fabrication
steps. Second, the transistors themselves are very small, while the metal and
insulating layers stacked above them, necessary to redistribute the electrical signals
from each transistor terminal to the external world, can be several times the size of
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the semiconductor intrinsic devices. In figure 1.1 the stack is completed at the top by
a metal ball, necessary for chip-level integration, i.e. for mounting/interfacing the
CMOS circuit into a more complex system or subsystem.

Microsystems, as mentioned earlier, are manufactured relying (for the most part)
on the fabrication steps commonly utilised in the processing of semiconductors, even
though they are arranged according to different sequences. Despite the fact that
MEMS technology is not highly standardised like CMOS, it is possible to identify
two distinct processing streams, which are the most diffused, both in the research
and commercial production of microsystems. For the sake of completeness, there
also exist highly customised technology platforms strongly oriented to the manu-
facturing of MEMS. Such solutions enable one to achieve very high aspect ratios
and extremely precise geometrical features. Nonetheless, their pronounced custom-
isation makes them diverse from CMOS-like processes, resulting in significantly
higher costs and more articulated issues in terms of integration with other
(incompatible) technologies. Because of their suitability for niche applications, these
solutions will not be discussed further in this work. However, it is worth mentioning
that the Lithography, Electroplating, and Moulding process (in German,
Lithographie, Galvanoformung, Abformung—LIGA), is one of the best-known highly
customised technologies for the manufacturing of MEMS [22, 23].

Coming back to the most common aforementioned MEMS fabrication flows,
they are substantially two: surface micromachining and bulk micromachining.

Figure 1.1. Schematic cross section of CMOS transistors. Image from [21] CC BY 3.0.
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In surface micromachining processes, the substrate (silicon or other materials) is
used as a sort of ground floor plane. All the selective depositions/removals of the
conductive/insulating layers are performed above the substrate, through the
techniques and steps mentioned above. From a conceptual point of view, a surface
micromachining process is not crucially different from the above-CMOS stacking
of layers depicted in figure 1.1. The substantial addition of a MEMS surface
micromachining process is that membranes and movable parts need to be suspended
in air. To do so, a temporary layer is necessary to support mechanically the
micro-membranes during their manufacturing (e.g. through electrodeposition or
sputtering). Afterwards, it has to be removed via an etching step, in order to
release the so-called air gaps, i.e. membranes suspended above the substrate and,
therefore, free to move. Such temporary support is referred to as a sacrificial
layer, and it can be a photoresist material or a thin-film deposited during
processing [24, 25]. Accordingly, it can be stated that in surface micromachining,
MEMS devices are made above silicon.

A typical schematic cross section of a MEMS surface micromachining process is
reported in figure 1.2(a), while a microphotograph of physical gold-based MEMS
devices, manufactured with such a technology solution [26], is shown in figure 1.2(b).

In this example, the silicon substrate is 625 μm thick, the air gaps are around
3 μm, while the suspended gold membrane’s thickness ranges between 2 and 5 μm.
Each of the MEMS in figure 1.2(b) has in-plane dimensions of 2 mm by 0.7 mm.

In bulk micromachining processes, the substrate itself (typically, but not limited
to, silicon) is exploited for the realisation of the structural parts of MEMS. By means
of performing selective etching (removal) of substrate-specific regions, e.g.
Tetramethylammonium Hydroxide (TMAH)-based wet-etching [27] or Deep
Reactive Ion Etching (DRIE) dry-etching, thin and deformable membranes are
released [28]. Still keeping the same idiomatic expression as above, it can be stated
that in bulk micromachining, MEMS devices are made of silicon. In light of the
discussion developed up to this point, bulk micromachining of MEMS deviates
from standard semiconductor processes more than surface micromachining does.

Figure 1.2. (a) Schematic cross section of a typical surface micromachining MEMS process.
(b) Microphotograph of physical MEMS devices realised by means of a surface micromachining process
based on gold [26].
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If the latter solution is, for simple MEMS structures, an extension of the above-
CMOS stacking of layers, in the former it is silicon (and its mechanical properties)
that is to be exploited as a structural material. It is straightforward that silicon
mechanical structures of MEMS devices fabricated through bulk micromachining
can be completed by selective deposition of conductive/insulating layers, in order to
deploy proper electrodes and feeding lines to enable electromechanical transduction.

A typical schematic cross section of a MEMS bulk micromachining process is
reported in figure 1.3(a), while a Scanning Electron Microscopy (SEM) image of a
physical silicon-based MEMS for Energy Harvesting (EH-MEMS) realised with
such a technology [29] is shown in figure 1.3(b).

In the reported example, the initial silicon substrate is 390 μm thick, while, after
the etching step, the silicon deformable membranes are 20 μm thick. The diameter of
the suspended mechanical resonator in figure 1.3(b) is 8 mm.

1.1.3 Applications of MEMS sensors and actuators

To complete the overview of microsystem technologies on a general perspective, and
before embarking on an in-depth discussion around RF-MEMS, a few references
and examples of MEMS sensors’ and actuators’ market applications are going to be
briefly provided.

In the first place, it should be highlighted that, if microsystem technologies started
to develop in the 1970s (as discussed earlier), the first MEMS-based commercial
product, namely, a surface micromachined accelerometer by Analog Devices [30],
only showed up in the early 1990s, nearly two decades later. The rationale beneath
the lengthy time-to-market characterising the early exploitation of MEMS in the
field of sensors and actuators, is a sizable mosaic composed of numerous tiles,
featuring crucial pivots, like reliability [31], packaging, integration, as well as costs

Figure 1.3. (a) Schematic cross section of a typical bulk micromachining MEMS process. (b) SEM image of
physical MEMS for Energy Harvesting (EH-MEMS) devices realised by means of a bulk micromachining
process based on silicon [29].

RF-MEMS Technology for High-Performance Passives (Second Edition)

1-8



and, last but not least, market readiness. These aspects will be treated with deeper
specificity later, when discussing RF-MEMS.

Starting from the first commercial accelerometer mentioned in [30], MEMS-based
sensors and actuators started to spread into diverse systems and devices, securing
their presence in significant market segments. Accelerometers themselves, for
instance, became, through the 1990s, a de facto standard in the automotive sector,
being employed as deceleration sensors activating the inflation of airbags in case of
car crashes [32]. Concerning microsystem-based actuators, another successful
exploitation of MEMS technology is related to micro-mirrors and, in particular,
to their arrangement in high-density matrices of individual micro-devices. MEMS
micro-mirrors have been commercially employed since the second half of the 1990s
to form optical images on projectors lenses, as well as on movie theatre screens. In
this regard, Digital Micromirror Devices (DMDs) are well-known, and named in
such a fashion because they are not controlled in an analogue way, but rather with
two-state (ON/OFF) driving signals [33, 34].

In more recent years, MEMS accelerometers and gyroscopes, i.e. inertial devices
sensitive to rotations around axes and to gravity, experienced a boost in terms of
market volumes, significantly larger than traditional applications in the automotive
sector. In the last decade, with the emergence of home video game consoles
interacting with human motion, and later with the massive spread of smartphones
and tablets, MEMS-based Inertial Measurement Units (IMUs) became standard
components provided by a wide variety of Original Equipment Manufacturers
(OEMs) [35].

Just to mention a few other classes of devices, MEMS are spreading in the
switching/multiplexing of optical signals (actuators), miniaturised microphones
(sensors) and, despite not being fully mature yet, loudspeakers (actuators), Energy
Harvesters (EH) for environmental sources (sensors), pressure/gas/temperature
sensors, strain gauges/deformation sensors, and so on. The targeted fields of
applications are quite diverse, as they range from automotive to consumer
electronics, as well as from space/defence to the medical/health sector.

Eventually, it can be stated with a certain confidence that trends in the
exploitation of MEMS will keep ramping up in the years to come. The crucial
paradigms of the Internet of Things (IoT) [36] and of the Internet of Everything
(IoE) will demand for the availability of smaller, cheaper, less power hungry, multi-
functional and more specialised sensors and actuators, to be integrated in increasing
numbers within Smart-Cities, -Buildings, -Devices, -Factories, -Cars, -Objects, as
well as the human body, e.g. through Body Area Networks (BANs).

1.2 Introduction to RF-MEMS
Bearing in mind the scenario previously described, the investigation of microsystem
technologies for the realisation of RF passive components is more recent. The first
scientific contributions relating to the exploitation of MEMS-like technology steps
for RF passives started to appear in the landscape in the early 1990s, i.e. while
MEMS accelerometers were establishing themselves as valuable commercial
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products. However, early examples of actual RF-MEMS devices only started to
populate the scientific literature in the second half of the 1990s.

At an early stage, miniaturisation of microwave and millimetre-wave trans-
mission lines, and their implementation in micromachining technologies based on
silicon, emerged as a quite promising research field [37], thanks to the outstanding
performance figures in terms of their low loss and compactness compared to
traditional solutions [38]. The possibility of integrating fixed RF signal manipulation
functions, e.g. through the realisation of stubs [39], appeared as an additional
strength of silicon-based waveguides. Among the various families of transmission
line configurations available, and well-known for decades [40], micro-fabrication
technologies are particularly suited for planar devices. Therefore, most of the
attention and interest concerning their miniaturisation was around the Coplanar
Waveguide (CPW) and microstrip implementations of transmission lines.

Given these premises, the fundamentals of the aforementioned waveguide
configurations are going to be synthetically recalled here. A 3D schematic view of
a CPW and microstrip configuration is shown in figure 1.4(a) and figure 1.4(b),
respectively. In the former, a central metallisation acts as the RF signal line, while
two wider metallised patches are meant to be reference ground planes for the
travelling RF signal. The central line and ground planes are separated by a gap, and
all the metal layers lie on the same side of the substrate [41]. As the RF signal

Figure 1.4. (a) Schematic 3D view of a transmission line in Coplanar Waveguide (CPW) configuration.
(b) Schematic 3D view of a transmission line in a microstrip configuration. (c) Equivalent lumped element
network of a CPW/microstrip line. P1 and P2 are the input/output terminations, respectively. (d) Typical
S-parameters versus frequency characteristic of a CPW/microstrip line concerning reflection (S11 at P1) and
transmission through the line (S21 at P2).
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propagates along the waveguide, the electromagnetic field is confined between the
central line and the ground planes, partially through the dielectric material under-
neath the metal layers, and partially through the air above them. Very often, a thin
insulating layer is deposited on the substrate prior to the electroplating/evaporation
of the CPW itself. This helps to reduce losses to the substrate. In the microstrip
configuration, instead, the RF signal line is placed on top of the substrate, while a
unique reference ground plane is metallised on the opposite face of the wafer. In this
case, as the RF signal propagates along the waveguide, the electromagnetic field is
mainly confined within the substrate, between the two metal layers (signal line and
ground plane).

A basic lumped element network description useful to model the RF behaviour of
CPWs and microstrip lines is proposed in [42] and depicted in figure 1.4(c). Across
the waveguide input and output ports P1 and P2, a resistance and inductance are
inserted, representing the series resistive (Rline) and inductive (Lline) contributions of
the metal RF line, respectively. On the other hand, the shunt-to-ground capacitance
and resistance model the capacitive coupling (Cgnd) and the resistive losses (Rgnd)
between the RF line and the ground plane/s, respectively, through the substrate
material and across air. The values of the resistive and reactive components in
figure 1.4(c) are correlated to the physical properties of the transmission line, and
can be parameterised in quite a straightforward fashion, in order to account for the
most relevant geometrical features of the CPW or microstrip waveguide, like the
length, gap, substrate thickness, and so on [43].

The RF behaviour of a typical CPW/microstrip line in terms of scattering
parameters (S-parameters) versus frequency [42] is shown in figure 1.4(d). The
curves result from the simulation of a CPW by means of a Finite Element Method
(FEM) software tool, in the frequency range from DC to 60 GHz. The S11
parameter indicates the fraction of RF signal reflected at the input port of the
CPW. Given that it is small on the whole frequency range (better than −22 dB), most
of the RF signal flows into the waveguide. The S11 and S22 (reflection at the input
and output ports, respectively) are particularly suited to provide an indication of
matching between the characteristic impedance of the RF source and of the
transmission line. Low values of S11/S22 mean good impedance matching, indeed.
The S21 parameter indicates the amount of RF power reaching the output port of
the CPW (transmission). Since its worst value (around −0.9 dB) is quite close to 0 dB
(i.e. ideal zero losses), the attenuation of the RF signal introduced across the
waveguide is limited overall across the analysed frequency span.

Beside the exploitation of a typical surface micromachining step, like selective
deposition of thin metal films, additional techniques have begun to be explored with
the aim of improving the RF characteristics of miniaturised CPWs and microstrip
lines. For instance, shallow tranches were etched in the gap between the RF signal
line and the reference ground planes, in order to reduce the losses due to penetration
of the electromagnetic field through the substrate, as reported in [44]. In other
examples, bulk micromachining was used to remove most parts of the silicon
substrate, yielding CPWs suspended above a thin membrane, resulting in a
significant reduction of losses and parasitic coupling effects, as discussed in [45, 46].
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Shortly after, MEMS technology began to be demonstrated for the realisation of
micro-switches [47] and variable capacitors (varactors) [48], as well as tunable filters
[49], resonators [49] and programmable phase shifters [50], thus starting to address the
crucial feature of reconfigurability. All these aspects are going to be discussed in more
detail through the following subsections.

1.2.1 Switches and simple passives in RF-MEMS technology

Based upon the discussion developed in the above sections, it is straightforward that
the reconfigurability of a certain microsystem device can be enabled by inclusion of
fabrication steps purposely conceived for such a target. Recalling what was
mentioned at the beginning, in a case where the surface micromachining process
is used, such a specific step is the exploitation of a sacrificial layer, meant to define
and then release suspended structures. In contrast, when dealing with bulk micro-
machining, the MEMS structure has to be properly etched in order to be released
and made free to move.

A few fundamental notions concerning actuation mechanisms are going to be
recalled in the following pages. Subsequently, examples of physical RF-MEMS
basic passive components will be discussed.

A brief review of actuation mechanisms
From a functional point of view, multi-physical coupling through which mechanical
behaviour of movable RF-MEMS parts is controlled (and their characteristics
reconfigured) can take place basically according to four different actuation principles:
electrostatic, electromagnetic, piezoelectric, and thermoelectric [51]. These different
mechanisms are going to be briefly explained.

• Electrostatic actuation. Two electrodes, one fixed and one movable, are
necessary, and they must face each other, as in a typical parallel plate
capacitance configuration. When a voltage drop is applied across the two
faces, the electrostatic attraction force makes the movable electrode approach
the fixed one. Above a certain biasing threshold, called ‘pull-in voltage’, the
movable part collapses onto the underlying fixed one. Figure 1.5 shows a

Figure 1.5. (a) Schematic cross section of a cantilevered MEMS series ohmic switch controlled through the
electrostatic principle, in the rest position (OFF state). (b) Schematic cross section of the actuated or pulled-in
position (ON state), when a bias voltage is imposed between the fixed and the floating electrode.
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schematic cross section of an electrostatically controlled cantilever MEMS
series ohmic switch [52].

In more detail, figure 1.5(a) reports the cantilever switch in its rest position (no
bias imposed). In the latter condition, the input/output terminals (T1 and T2) are
disconnected, and the micro-relay is in the OFF state, as indicated by the switch
symbol above the schematic. However, when a voltage Vbias larger than the pull-in
threshold is imposed between the movable (Act1) and fixed (Act2) electrodes, the
contact between T1 and T2 is closed, and the switch commutes to the ON state, as
indicated in figure 1.5(b).

• Electromagnetic actuation. The suspended MEMS membrane has either to be
made of or coated with a ferromagnetic material in order to be sensitive to
magnetic field variations. In addition, a magnetic field must be generated by
driving a current across a coil, and the former has to surround the deformable
membrane. In such a way, when a bias current is imposed, the MEMS part
deforms due to the interaction between the magnetic-sensitive material and
the external induced magnetic field [53]. A schematic cross section of a
cantilever series ohmic MEMS switch driven through electromagnetic actua-
tion is reported in figure 1.6.

In particular, figure 1.6(a) shows a schematic of a MEMS switch in the rest
position, i.e. when no bias current is driven across the terminations Act1 and Act2. In
this case, high impedance is detected between the switch input and output ports,
named T1 and T2, and the switch results in being OPEN (OFF state). On the other
hand, when a current is driven through the coil, a magnetic field builds around the
MEMS and the latter deforms until reaching pull-in, as shown in figure 1.6(b). In
such a circumstance, the impedance between T1 and T2 commutes to a very low
value, due to the physical contact between the two metal patches under the
cantilever free end, and the switch is CLOSED (ON state).

• Piezoelectric actuation. The suspended MEMS membrane must be covered/
coated by/with a thin-film of material holding piezoelectric properties. As

Figure 1.6. (a) Schematic cross section of a cantilevered MEMS series ohmic switch controlled through the
electromagnetic principle, in the rest position (OFF state). (b) Schematic cross section of the actuated or
pulled-in position (ON state) when a bias current is driven through the coil that induces a magnetic field
around the movable MEMS membrane (the latter coated with a ferroelectric material).
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known, piezoelectric materials, which fundamentally behave electrically as
insulators, exhibit the property of deforming/expanding when subjected to a
voltage drop across their opposite faces [54]. As the piezoelectric thin-film is
typically patterned above the MEMS structural part (made of bulk silicon of
other supporting material), its expansion due to the piezoelectric effect results
in a downward (momentum-induced) displacement [55]. A schematic cross
section of a cantilever series ohmic MEMS switch driven through piezo-
electric actuation is shown in figure 1.7.

In the MEMS rest position, depicted in figure 1.7(a), the switch is OPEN (OFF
state). By contrast, when a bias voltage is imposed between Act1 and Act2, the
piezoelectric material expands and induces commutation of the micro-relay to the
CLOSED condition (ON state) between T1 and T2, as shown schematically in
figure 1.7(b).

• Thermoelectric actuation. In this case, the thermal expansion property of
materials is exploited to drive the MEMS movable part(s). An electric current
is driven across the suspended membrane that heats up due to its resistance
and, therefore, expands because of the temperature increase [56].
Alternatively, thermal expansion of the suspended membrane can also be
induced generating the heat not directly into the MEMS part itself, but, for
instance, embedding micro-heaters underneath the device. This latter solution
makes it possible to use materials with much higher resistivity (like poly-
crystalline silicon) than metals typically employed for the structural parts of
microsystems (like gold, copper, aluminium, etc). Therefore, it is sufficient to
drive a fairly low current through the heater in order to obtain the desired
increase of temperature [57, 58]. A schematic cross section of a cantilever
series ohmic MEMS switch driven through thermoelectric actuation is shown
in figure 1.8.

In more detail, figure 1.8(a) reports the switch in the rest, i.e. OPEN, position
(OFF state). In contrast, when a bias voltage is imposed across Act1 and Act2, a

Figure 1.7. (a) Schematic cross section of a cantilevered MEMS series ohmic switch controlled through the
piezoelectric principle, in the rest position (OFF state). (b) Schematic cross section of the actuated or pulled-in
position (ON state) when the piezoelectric film is subjected to a bias voltage.
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current is driven through the MEMS, and the generated heat brings commutation of
the micro-relay in the CLOSED position (ON state), shown schematically in
figure 1.8(b).

Among these reviewed mechanisms, electrostatic actuation is certainly the most
commonly used for controlling RF-MEMS devices. There are multiple motivations
for this choice. One reason being that, at the technology level, electrostatic actuation
does not require the deposition of exotic materials, e.g. with piezoelectric or
ferromagnetic properties, therefore easing the manufacturing process and also
limiting the costs. Furthermore, at the operation level, this kind of driving method
does not induce irreversible changes in the mechanical properties of the MEMS,
which may happen, for instance, with thermoelectric actuation. Additionally, the
effort in terms of energy employed to control MEMS devices is lower if compared
with other methods, among which thermoelectric and electromagnetic actuations are
definitely the most power hungry. As in electrostatically controlled MEMS, the
physical contact between the movable and fixed electrodes must be avoided to
prevent a short-circuit, so that no current flows through the device, leading to
virtually zero power consumption of the micro-relay, in both ON/OFF configu-
rations. In fact, small current leakages are always present along the DC biasing lines.
Nonetheless, they lead in any case to very limited amounts of power necessary to
drive the MEMS. In addition, the electrostatic actuation of MEMS will be often
referenced in the practical examples shown later in this work. In light of all these
considerations, further technical discussion around electrostatics is briefly reported
below.

An electrostatically controlled MEMS device can be effectively represented as a
parallel plate capacitor, with one fixed and one movable plate, as discussed in [59]
and reported in figure 1.9.

A one Degree Of Freedom (1 DoF) parallel plate schematic is shown in
figure 1.9(a). The lower plate is mechanically constrained, while the upper one is
joined to a mechanical spring whose elastic constant is k. The spring allows
displacement along the vertical x axis. The area of both plates is A, while their

Figure 1.8. (a) Schematic cross section of a cantilevered MEMS series ohmic switch controlled through the
thermoelectric principle, in the rest position (OFF state). (b) Schematic cross section of the actuated or pulled-
in position (ON state) when a bias current is driven across the suspended membrane, causing the heating and
the subsequent thermal expansion of the MEMS structure.
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initial distance is x0. They are immersed in air (dielectric constant εair) and the effects
of gravity on the upper plate and spring can be neglected.

When a biasing voltage Vb is imposed across the two plates, and when it is below
the pull-in threshold (Vb < VPI), the situation is reported in figure 1.9(b). Due to
electrostatic interaction, the upper plate moves downward of x1. The electrostatic
attraction force Fel is expressed by equation (1.1):
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At the same time, still referring to figure 1.9(b), the spring elongates of x1, giving rise
to the mechanical restoring force Fmech, opposed to Fel, expressed by Hooke’s law as
follows:

= −F kx (1.2)mech 1

Such a situation refers to an equilibrium condition since, given a certain Vb < VPI,
Fmech counteracts Fel, and the movable plate remains steadily at a distance equal to
x0–x1 from the underlying fixed electrode. Nonetheless, it should be noted that,
while Fmech linearly depends on the distance between the plates, commonly referred
to as the air gap, Fel depends on its square value. By solving the system of equations
(1.1) and (1.2) with respect to the voltage, it is possible to derive the pull-in voltage
(VPI), expressed as follows:
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Figure 1.9. (a) Schematisation of an electrostatically controlled MEMS device as a parallel plate capacitor,
with one plate fixed and the other movable, when no bias voltage is applied (Vb = 0). (b) Displaced movable
plate when a bias voltage lower than the pull-in threshold (Vb < VPI) is imposed across the two plates.
(c) Collapsed (pulled-in) movable plate when a bias voltage equal or larger than the pull-in threshold
(Vb ⩾ VPI) is imposed across the two plates.
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Such a threshold bias level makes the movable plate collapse abruptly above the
underlying fixed plate, as reported in figure 1.9(c). In other words, the vertical
displacement of the upper plate towards the lower one can be controlled in an
analogue fashion, as long as Vb < VPI, corresponding to one-third of the initial air
gap (x0). From a physical point of view, VPI is the limiting level for which Fel
becomes too large to be counteracted by Fmech, and the system becomes unstable. As
figure 1.9(c) is a simplified schematic, no insulating layer is indicated between the
two collapsed plates. In fact, physical contact must be avoided when pull-in occurs,
as it would short-circuit the two plates. For this reason, in real MEMS, a thin
insulating layer (of thickness tins) is always deposited above the underlying fixed
electrode. Alternatively, or in conjunction with such a layer, electrically floating
stoppers (i.e. elevated posts) can also be deployed, in order to allow clearance
between the pulled-in electrodes. Once pull-in takes place, if the bias voltage is
progressively decreased, there exists another threshold value corresponding to the
release (detaching) of the collapsed plate, named pull-out voltage (VPO), which is
expressed as follows:

ε
=V t
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2
(1.4)PO ins

0

ins

As mentioned before, since Fel depends on the square of the imposed voltage, VPO is
typically much smaller than VPI. This means that the pull-in/pull-out (actuation/
release) characteristic of an electrostatically controlled MEMS device exhibits a
certain hysteresis, as clearly emerges from the plot in figure 1.10.

When decreasing the bias voltage, right after pull-out occurs, the vertical
displacement characteristic reconnects with the one previously obtained for increas-
ing Vb levels (of course lower than VPI). Eventually, since Fel depends on the square
of the imposed voltage, as indicated by equation (1.1), the pull-in/pull-out

Figure 1.10. Typical pull-in/pull-out characteristic, i.e. vertical displacement versus imposed bias, of an
electrostatically controlled MEMS device.
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characteristic does not change if positive or negative bias levels are applied. This
characteristic is straightforward when looking at the plot in figure 1.10, which is
symmetric with respect to the 0 V vertical axis.

Next, examples of physical RF-MEMS simple components discussed in the
literature are going to be reported. For the sake of homogeneity in explanation, all
the photographs of the physical samples shown in the next pages refer to electro-
statically controlled RF-MEMS devices realised in the same surface micro-
machining technology platform, detailed in [60, 61]. In all of the following
microphotographs, the MEMS devices and CPWs/microstrip lines are made of
electrodeposited gold, with a thickness ranging between 2 and 5 μm. The thickness of
the sacrificial layer and, therefore, of the air gaps, is always around 3 μm. A buried
polycrystalline silicon layer (high resistivity) is exploited to realise fixed DC biasing
electrodes, underneath the suspended MEMS membranes. Moreover, an additional
aluminium buried layer (low resistivity) is employed to implement RF signal
underpasses and contact areas. A schematic cross section of this technology was
previously reported in figure 1.2(a). Nonetheless, examples referring to other
technologies discussed in the literature will also be reported.

RF-MEMS ohmic and capacitive switches
Briefly summarising what was discussed earlier, micro-fabrication technologies
enable the manufacturing of miniaturised waveguides, mainly in CPW and micro-
strip configuration. By adding MEMS-specific fabrication steps, it is possible to
realise suspended thin membranes, which can be driven/controlled according to
different transduction mechanisms. The focus of this work is on electrostatically
controlled RF-MEMS. Therefore, most of the examples that are going to be
discussed in the following will refer to such a type of multiphysics coupling.

Having said that, the fundamental building block that enables the reconfigur-
ability of RF-MEMS is represented by the micro-relay (or switch). The switching
function, despite being based on a two-state (OPEN/CLOSED) configuration, can
be implemented according to different fashions, as it can be ohmic or capacitive, as
well as series or shunt [62]. Of course, these listed features can be paired together
according to all of the possible combinations. As representative examples, series
ohmic and shunt capacitive RF-MEMS switches are going to be discussed in detail.

Figure 1.11 shows a microphotograph of a cantilevered RF-MEMS series ohmic
switch, electrostatically controlled in CPW configuration.

The movable membrane is placed in-line on the RF signal path. It is anchored on
one side and free to move on the other, as shown in the close-up in figure 1.11(b). As
a contact area is placed underneath the suspended tip, metal-to-metal contact is
established when the MEMS is pulled-in. Therefore, the switch is OPEN when the
MEMS is OFF (rest position), while it is CLOSED when the MEMS is ON (pulled-
in), as reported in the simplified schematics in figure 1.12(a) and figure 1.12(b),
respectively. The cantilever exhibits measured pull-in and pull-out voltages of 65 and
50 V, respectively. The experimental RF behaviour in terms of the S-parameters is
also reported in figure 1.12, and refers to a frequency range from DC up to 40 GHz.
In particular, figure 1.12(c) shows the reflection (S11) and isolation (S21) when the
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MEMS micro-relay is OFF, while figure 1.12(d) reports the reflection (S11) and
transmission (S21) when the MEMS micro-relay is ON.

When OPEN, most of the power is reflected, as indicated by S11 in figure 1.12(c),
which ranges between ∼0 and −0.6 dB. Isolation (S21) is better than −25 dB up to
10 GHz, and better than −10 dB up to 40 GHz. The S21 worsens as the frequency

Figure 1.11. (a) Microphotograph of an RF-MEMS cantilevered series ohmic switch in CPW configuration.
(b) Close-up of the micro-relay. The suspended cantilever is 180 μm long and 100 μm wide.

Figure 1.12. (a) Simplified schematic of the series ohmic micro-relay in figure 1.11 in the OPEN state (MEMS
switch OFF). (b) Simplified schematic of the micro-relay in the CLOSED state (MEMS switch ON).
(c) Measured reflection (S11) and isolation (S21) of the micro-relay in the OPEN state (MEMS switch
OFF) from DC up to 40 GHz. (d) Measured reflection (S11) and transmission (S21) of the micro-relay in the
CLOSED state (MEMS switch ON) from DC up to 40 GHz.

RF-MEMS Technology for High-Performance Passives (Second Edition)

1-19



increases, because parasitic series capacitance is present between the suspended
MEMS cantilever tip and the underlying contact area. When in the CLOSED state,
the S11 is better than −25 dB up to 40 GHz, indicating a quite good impedance
matching between the RF source and the MEMS device (see figure 1.12(d)). On the
other hand, loss in transmission (S21) is very limited, being better than −0.5 dB up to
40 GHz. This result indicates the good quality of the ohmic contact between the
pulled-in MEMS and the underlying metal area.

Figure 1.13 shows a microphotograph of an RF-MEMS shunt capacitive switch
in a CPW configuration. In this case, the MEMS micro-relay is a membrane hinged
at both ends (clamped–clamped configuration) to the ground planes, placed trans-
versally across the RF line.

The behaviour of the shunt capacitive switch is dual with respect to the series
ohmic one. First, no ohmic contact is established between the MEMS movable
membrane and the RF underpass in any of the ON/OFF configurations, but,
instead, a two-state capacitor. The capacitance realises a variable impedance path to
the RF ground, rather than between the input and output terminations [62]. More
details are reported in figure 1.14. When the MEMS is OFF, the distance between
the floating capacitance plate and the underlying one is maximum, therefore the
shunt capacitance is minimum (Cmin), as shown in figure 1.14(a). Such a small
capacitance realises a high-impedance path to ground that lets most parts of the RF
signal travel between the input and output of the device (CLOSE switch). On the
other hand, when the MEMS is ON (pulled-in), the shunt capacitance reaches the

Figure 1.13. (a) Microphotograph of an RF-MEMS clamped–clamped shunt capacitive switch in a CPW
configuration. (b) Close-up of the micro-relay. The suspended double-hinged membrane is 180 μm long and
100 μm wide.
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maximum value (Cmax), as shown in figure 1.14(b). In this case, the large capacitance
establishes a low-impedance path to ground that diverts most part of the RF signal
travelling across the device, shorting it to ground (OPEN switch). The measured
S-parameters of the shunt capacitive switch in figure 1.13 are reported in figure 1.14,
referring to the range from DC up to 40 GHz.

In particular, the S-parameters for the MEMS in the OFF state (CLOSE switch)
are reported in figure 1.14(c). Reflection (S11) is better than −20 dB up to 40 GHz,
proving good impedance matching of the device. Moreover, loss in transmission (S21)
is better than −0.8 dB up to 40 GHz. In contrast to the ohmic switch previously
discussed, the S21 for the CLOSE switch exhibits increasing loss in the higher portion
of the range. This is due to the shunt capacitance that, despite low (Cmin), causes
shorting to ground of a small part of the signal. In any case, having loss better than −1
dB up to 40 GHz is a very good performance result. Figure 1.14(d) shows the
S-parameters for the MEMS in the ON state (OPEN switch). Starting from a few
GHz, most part of the RF signal is reflected, as indicated by the S11 curve. On the
other hand, isolation (S21) exhibits its best value, i.e. −30 dB, around 15 GHz. It is
straightforward that capacitive switches, in contrast to ohmic micro-relays, are
significantly influenced by the resonant behaviour of the reactive elements [61, 62].
Therefore, they cannot exhibit remarkable performance on a very wide band.
Nonetheless, by exploiting their resonant characteristic, they can be optimised to
outperform ohmic devices in very well defined frequency ranges.

Figure 1.14. (a) Simplified schematic of the shunt capacitive micro-relay in figure 1.13 in the CLOSED state
(MEMS switch OFF). (b) Simplified schematic of the micro-relay in the OPEN state (MEMS switch ON).
(c) Measured reflection (S11) and transmission (S21) of the micro-relay in the CLOSED state (MEMS switch
OFF) from DC up to 40 GHz. (d) Measured reflection (S11) and isolation (S21) of the micro-relay in the
OPEN state (MEMS switch ON) from DC up to 40 GHz.
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As mentioned above, micro-relays are fundamental bricks enabling the pro-
nounced reconfigurability of RF-MEMS technology. In light of this consideration,
micro-switches have always been widely discussed in the literature, since the early
days of RF-MEMS, with respect to various aspects of their design, topology, RF
and electromechanical characteristics, reliability, power handling, and so on. For
instance, the work reported in [63] discusses an RF-MEMS switching unit with
pronounced long-term operability and cycling up to 1 billion in the K-band (18–27
GHz). Moreover, the switch concept discussed in [64] refers to an in-package
commercial RF-MEMS device, suitable for 4G mobile applications. On the other
hand, [65, 66] discuss novel realisations of RF-MEMS switches with improved
performance. Concerning pull-in voltage reduction, designs exhibiting actuation
levels as low as 5–7 V were demonstrated in the literature [67].

RF-MEMS variable capacitors (varactors)
From the conceptual point of view, an RF-MEMS variable capacitor (commonly
referred to as varactor) is not significantly different from a capacitive switch.
Therefore, when the variable capacitance is inserted in shunt-to-ground configuration,
its behaviour is well described by the simplified circuit schematics previously shown in
figure 1.14(a) and figure 1.14(b). Bearing in mind the discussion previously developed
around the pull-in effect in electrostatically controlled MEMS, the varactor can be
tuned in an analogue way (i.e. continuously) just from the rest position (zero bias) to
the pull-in threshold, i.e. ranging across one-third of the overall air gap. After pull-in,
the capacitance will abruptly commute to the maximum value.

The microphotograph in figure 1.15(a) shows an RF-MEMS varactor based on
an electrostatically controlled floating gold electrode, kept suspended by four
meander-shaped flexible beams.

Figure 1.15. (a) Microphotograph of an RF-MEMS clamped–clamped shunt variable capacitor (varactor) in a
CPW configuration. (b) Measured capacitance versus bias voltage (C–V) characteristic. The capacitance can
be controlled in an analogue fashion until the pull-in threshold is reached.
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A fixed counter-electrode, lying beneath the movable MEMS, realises the second
capacitor plate [67]. The plot reported in figure 1.15(b) shows the measured capacitance
versus bias voltage (C–V) characteristic. Before pull-in, the capacitance ranges between
∼170 fF and 210 fF (right vertical axis), and can be controlled continuously. When
pulled-in, instead, the capacitance steps abruptly to ∼2.4 pF (left vertical axis).
Therefore, the ratio between the ON and OFF state capacitance (Con/Coff) of the
varactor in figure 1.15 is around 14, i.e. larger than one order of magnitude.

As for RF-MEMS switches, the scientific literature has always been populated by
several contributions regarding varactors. To this purpose, an alternative design
enabling a low-voltage controlled varactor is discussed in [68]. On the other hand,
focusing on the extension of the varactor tuning range, the solution reported in [69]
exploits the built-in intrinsic stress of the MEMS constitutive material, while [70]
proposes a solution at the design level, featuring a double actuation mechanism.
Again, concerning the linearity improvement in RF-MEMS varactors response, the
work discussed in [71] exploits a double varactor with anti-bias control in order to
improve such a characteristic. On the side of medium-/long-term reliability, a double
DC biasing pulse is reported in [72] with the aim of decreasing the amount of charge
entrapped in the insulating layer and, in turn, the so-called voltage screening (i.e.
drifting of the pull-in/pull-out characteristic due to charge injection and dipoles
orientation within the insulators).

RF-MEMS (variable) inductors
Given the discussion developed up to now, it is straightforward that RF-MEMS
technology is also suitable for the realisation of high-performance inductors. The
possibility to obtain suspended coils, as through a surface micromachining process
featuring a sacrificial layer, as well as to manufacture metal lines above a thin
substrate, as can be performed through etching the substrate from the back side
(bulk micromachining), leads to a significant reduction of parasitic effects and,
therefore, to an increase of the quality factor (Q-factor). The microphotograph in
figure 1.16(a) depicts a suspended coil inductor in a CPW configuration. The plot in
figure 1.16(b) shows the characteristic impedance of the inductor (S11) on a Smith
chart, with reference to the frequency range from DC to 30 GHz.

The characteristic is always predominantly inductive, as confirmed by the trace
mainly rotating in the upper half of the Smith chart. Another example of an air-
suspended inductor, based on a different coil design, is reported in [73]. Despite the
fact that the characteristic of tunability is not as critical for inductors as it is for
capacitors, different approaches to tune inductance, triggered by the flexibility of
RF-MEMS technology, have been reported in the literature. A fairly popular
approach to enable the tunability of RF-MEMS inductors is the exploitation of
suspended coils’ non-planarity induced by the presence of residual stress within the
patterned material. This leads to out-of-plane (i.e. vertical) displacement of adjacent
coil turns, causing an inductance decrease if compared to the case of planarity.
However, by driving a DC current through the coil, the heating induces a release of
the intrinsic stress that temporarily improves the planarity and, therefore, increases
the inductance value. Similarly, it is possible starting from a planar device in the rest
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position to induce out-of-plane deformation by means of a bias current that reduces
the inductance. Both these solutions are discussed in [74] and [75], respectively. A
more exotic method to achieve inductor tunability is reported in [76]. In this case, a
liquid is injected in the core, thus modifying its permeability and, therefore, the
overall inductance value. More information and examples concerning high-perform-
ance (tunable) RF-MEMS inductors are developed in [77].

1.2.2 Complex reconfigurable passives in RF-MEMS technology

The discussion developed in the previous subsection outlined the most diffused
classes of basic components realised in RF-MEMS technology. The common
denominator of such groups is the implementation of a basic ON/OFF switching
function (achievable in various ways), and/or of an actuation function that yields
continuous (analogue) tunability within a certain range. Capitalising on the
aforementioned basic components, and duplicating or combining them according
to certain criteria within a unique physical device, it is possible to realise more
complex RF-MEMS passive devices and networks, able to implement manipulation/
treatment functions of RF/microwave/millimetre-wave signals, with highly pro-
nounced tunability/reconfigurability. In the following sections, the most common
classes of complex RF-MEMS networks will be reported.

RF-MEMS switching units and matrices
Starting from the most elemental RF-MEMS component, i.e. the micro-relay, its
duplication and arrangement within a unique device enables the expansion of the
switching function from an ON/OFF configuration between one input and output
termination to multiple input and output branches. The microphotograph reported

Figure 1.16. (a) Microphotograph of an RF-MEMS suspended coil inductor in a CPW configuration.
(b) Smith chart of the input characteristic impedance (S11) from DC to 30 GHz.
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in figure 1.17(a) shows an RF-MEMS Single Pole Double Throw (SPDT) in a CPW
configuration. In summary, it is a T-type switch with one input and two output
terminations, each of the latter being controlled by an electrostatically driven
RF-MEMS series ohmic switch. Depending on the ON/OFF configuration of the
two (independently controllable) micro-relays, the input signal can be driven to each
of the two outputs, to both or none of them.

The plot in figure 1.17(b) shows the measured S-parameter behaviour of the
SPDT in the frequency range from DC to 40 GHz, and refers to a configuration in
which one output channel is ON (CLOSE switch; pulled-in) while the other is OFF
(OPEN switch; rest position). The transmission loss (S21) between the input and the
conducting output branch is better than −1.1 dB and the reflection (S11) is better
than −22 dB up to 40 GHz. Moreover, the isolation between the two output
channels (S23), commonly addressed as cross-talk, ranges between −75 and −27 dB,
and is always better than −45 dB up to 35 GHz.

The complexity of the switching unit can be increased, thus extending the order of the
realised function. Starting from the configuration in figure 1.17, the number of output
branches can be enlarged, leading, for instance, to Single Pole Four Throw (SP4T)
switching units, in which there are four output terminations, as well as, more in general,
to Single Pole Multiple Throw (SPMT) configurations. In addition, commutation can
be performed across multiple inputs and outputs, leading to actual switching matrices
(e.g. 2 × 2, 4 × 4, or N × N) that can be effectively designed and manufactured in RF-
MEMS technology. Several examples are reported in the literature, proving the
achievement of remarkable characteristics, both for simpler switching units like SP4T
[78–80], as well as for various order switching matrices [81–84].

Figure 1.17. (a) Microphotograph of an RF-MEMS Single Pole Double Throw (SPDT) in a CPW
configuration. (b) Measured reflection, loss and isolation between adjacent channels (i.e. cross-talk), from
DC to 40 GHz.
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RF-MEMS tunable filters
Following the same approach, i.e. adding switching functionalities, it is possible to
enable tunability for other classes of passive devices, as in the case of RF filters. For
instance, the hairpin filter configuration is well-known in the RF engineering
community, and commonly exploited to shape a certain bandpass characteristic
between the input and output terminations [85]. Such a class of filters was made
tunable by implementing it in RF-MEMS technology, as discussed in [86] and
depicted by the microphotograph in figure 1.18(a).

The hairpin filter exploits the inductive contribution of U-shaped bends and their
capacitive coupling to shape the bandpass response. In the RF-MEMS hairpin filter
(microstrip configuration) in figure 1.18, the length of each U-shaped element can be
increased by adding a patch selected by cantilevered series ohmic switches, similar to the
device previously reported in figure 1.11(a). Such a variation of geometry modifies the
impedance of each U-shaped element, leading to a shift of the passed band. The measured
transmission (S21) characteristic of the filter is shown in figure 1.18(b). When the MEMS
switches are not actuated (short U-shaped elements), the passed band is centred around
6.3 GHz. On the other hand, when the MEMS micro-switches are pulled-in (long U-
shaped elements), the passed band is centred around 5.5 GHz, i.e. about 1 GHz below.

The scientific literature is full of several significant contributions exploiting RF-MEMS
devices to realise high-performance tunable/switchable RF filters. Differing from other
classes of RF-MEMS complex networks, hybridisation/integration of MEMS with other
technologies has been explored quite broadly. To this regard, several examples are reported
concerning reconfigurable filters entirely realised in RF-MEMS technology [87–89]. Besides
this option, different ways to obtain integrated RF-MEMS (commercially available) micro-
switches with filters realised, for instance, in Printed Circuit Board (PCB) technology, were
also investigated, in order to enable the desired tunability [90–93]. Furthermore, another
technological solution of particular interest concerns the realisation of 3D (evanescent-
mode) resonant cavities with a high Q-factor, which exploits RF-MEMS tunable elements
(mainly varactors) to modify the filter bandpass characteristic [94–97].

Figure 1.18. (a) Microphotograph of an RF-MEMS hairpin filter in a microstrip configuration. (b) Measured
bandpass characteristic (S21) in two different network configurations.
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RF-MEMS reconfigurable phase shifters
Another class of passive devices that significantly benefits from the exploitation of
RF-MEMS technology is that of reconfigurable phase shifters, particularly suited in
the driving chain of electronically steerable antennas. An example of an RF-MEMS
5-bit reconfigurable phase shifter in a microstrip configuration is discussed in [98],
and its microphotograph is shown in figure 1.19(a). The device features five
switchable stages (i.e. 5-bit), in which two paths of different lengths can be selected
(per each module) by means of RF-MEMS series ohmic switches. The longer
denotes the path the RF signal has to travel across, and the larger denotes the phase
shift of the output signal with respect to the input, observable through the S21
parameter. The reconfigurable phase shift of each stage (bit) is added to the others,
as the five blocks are cascaded, thus leading to 32 possible configurations.

The plot reported in figure 1.19(b) shows the measured phase shift (S21) of the
RF-MEMS network for a few different configurations, in the frequency range from
15 GHz to 25 GHz. Besides the previously discussed example, the scientific literature
reports a wide variety of multi-state RF-MEMS phase shifters. In particular,
relevant efforts were devoted to the development of multi-state digital devices
[99–101], as well as of continually tunable networks [102, 103]. Also, interestingly,
monolithic solutions in which the RF-MEMS phase shifter is designed and
manufactured together with miniaturised reconfigurable antennas within the same
technology platform have been reported [104–106].

RF-MEMS impedance-matching tuners
The availability of high-performance tunable reactive components, like varactors
and inductors, as well as the ease of selection/deselection of fixed high Q-factor
capacitances/inductances by means of low-loss ohmic switches, has also stimulated
the exploitation of RF-MEMS technology for the realisation of impedance-match-
ing tuners. An example of an impedance-matching network entirely realised in
RF-MEMS technology is discussed in [107], and a microphotograph of a physical
sample is reported in figure 1.20(a). The device, designed in a CPW configuration,
features eight switching stages, based on cantilever-type RF-MEMS ohmic switches

Figure 1.19. (a) Microphotograph of an RF-MEMS 5-bit reconfigurable phase shifter in a microstrip
configuration. (b) Input/output phase shift (S21) for different network configurations from 15 GHz to 25 GHz.
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that, depending on their ON/OFF configuration, select different reactive compo-
nents that load the RF line.

The RF-MEMS network is provided with two banks of reactive components, i.e.
Metal-Insulator-Metal (MIM) capacitors, as visible in the upper part of figure 1.20(a),
and in air-suspended inductors, as visible in the lower part of figure 1.20(a). These reactive
elements are designed to be inserted both in series or a shunt configuration on the central
RF line, depending on which switches are pulled-in and which are left in their rest
position. In summary, the RF-MEMS network realises a double cascaded LC-ladder
scheme [85], in which any series or shunt reactive element can be capacitive, inductive,
both in parallel or neither selected, thus enabling 256 different impedance transforma-
tions. The Smith chart shown in figure 1.20(b) reports just a few among all functions
performed by the impedance tuner. In the plot, each arrow shows how, per each
configuration, the input characteristic impedance (S11) is transformed at the output (S22).

Despite not being densely populated, as is the case for other classes of devices, the
scientific literature discusses several relevant examples of RF-MEMS impedance-
matching tuners, proving quite extensive coverage of the Smith chart [108–111].

RF-MEMS programmable power attenuators
A category of complex networks that, despite being sporadically studied in the early
years of RF-MEMS and recently attracting more attention in the research and
industrial scientific community, is that of programmable (step) power attenuators for
RF, microwave and millimetre-wave signals. One of the first examples discussed in the
literature is reported in [112], while a microphotograph of the fabricated RF-MEMS
network is shown in figure 1.21(a).

The RF-MEMS network features polycrystalline silicon buried resistors of different
values, inserted along the RF line (series configuration). Moreover, cantilever-type

Figure 1.20. (a) Microphotograph of an RF-MEMS 8-bit reconfigurable impedance-matching tuner in CPW
configuration. (b) Smith chart showing the transformation operated by the device between the input (S11) and
output (S22) characteristic impedance in a few configurations, at 10 GHz.
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MEMS ohmic switches, with contact fingers before and after each loading resistor, are
placed transversally along the device. When a MEMS switch is actuated (pulled-in),
the fingers establish ohmic contact with the underneath metal pads, and a very-low-
resistance path makes the RF signal flow through the gold switch membrane itself,
rather than through the polycrystalline silicon buried resistor. In other words, the
loading resistor is shorted, and therefore the attenuation implemented by the whole
network is decreased. With particular reference to the device in figure 1.21(a), the
whole attenuation can be stepped according to 4-bit, i.e. 16 different attenuation
levels. The plot in figure 1.21(b) shows the measured attenuation (S21) in a few
network configurations, ranging from DC to 30 GHz. Despite the fact that the
characterised frequency range is rather wide, all the traces exhibit a quite flat
characteristic and attenuation levels that can be set from around −3 to −20 dB.

Other implementations in RF-MEMS technology of multi-state step attenuators
have been recently demonstrated in the literature, in some cases for measured
frequency ranges as high as 110 GHz [113–115].

Miscellaneous RF-MEMS
In order to conclude this introductory chapter on RF-MEMS technology, other
examples of basic components and complex networks, not covered by the previously
reported classes, are going to be briefly listed.

The first category is of mechanical resonators based on MEMS technology. The
reasons why they are not always classified as RF-MEMS are multiple. For one
thing, often the frequency of operation is not in the RF/microwave/millimetre-wave
range, but is lower. In addition, MEMS mechanical resonators are rarely tunable,
and they are typically not framed in a waveguide configuration and do not feature
switches or varactors. Beside these considerations purely related to a matter of
definition, MEMS mechanical resonators are high-performance transducers exploit-
ing a double conversion between physical domains, in order to operate a frequency

Figure 1.21. (a) Microphotograph of an RF-MEMS 4-bit programmable step attenuator in a CPW
configuration. (b) Measured attenuation (S21) realised by the device in a few configurations, from DC to
30 GHz.
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selection in a very narrow band. In more detail, a signal with a certain spectrum
feeds the resonator, operating electrical to mechanical transduction. The MEMS
device resonates at a certain mechanical frequency that is transduced back from a
mechanical to electrical domain. The output electrical signal has a very narrow band
with respect to the input one, and the frequency selection is operated by the
mechanical characteristics of the MEMS resonator. Such a very selective filtering
function is critical to devices like oscillators, which are meant to generate a reference
(RF) frequency with pronounced stability versus time, and a bandwidth as narrow
as possible around the carrier. MEMS mechanical resonators with a high Q-factor
and remarkable stability against time and temperature have been widely reported in
the literature [116–120]. The principle of the forth-and-back transduction between
the electrical and mechanical domain is exploited also in other classes of frequency-
filtering devices, like the so-called Surface Acoustic Wave (SAW) and Bulk Acoustic
Wave (BAW) filters and (thin) Film Bulk Acoustic Resonators (FBARs). In this
case, the input electrical signal (with a certain spectrum) is transduced into an
acoustic wave that travels across a certain material, and then is transduced back into
a narrowband electrical signal [121–124].

Another category of RF-MEMS devices is that of electromagnetic resonators and
LC-tanks, necessary, for instance, to operate a precise selection of the RF frequency
generated by Voltage Controlled Oscillators (VCOs). Differing from mechanical
resonators, in this case there is no transduction from the electrical/electromagnetic to
mechanical domain to operate selection of functionalities. The reactive (capacitive and
inductive) characteristics of the device determine its specific resonance that, therefore,
shapes the output signal. Electromagnetic resonators and LC-tanks significantly benefit
from the intrinsic reconfigurability of RF-MEMS, extensively discussed above. For
example, it is sufficient to realise part of the capacitive contribution of LC-tanks by
means of an RF-MEMS varactor, in order to enable wide tunability of the filtering
function operated by the whole device. The scientific literature describes various
implementations of electromagnetic resonators and LC-tanks in RF-MEMS technol-
ogy, both concerning design concepts in planar technology [125, 126], as well as
exploiting 3D (evanescent-mode) resonant cavities featuring tunable elements [127, 128].

Other RF-MEMS devices of interest in modern RF components and systems are
directional couplers/splitters. These passives are meant to couple different signals in
order to perform certain mixing functionalities, e.g. of critical importance in RF
transmitters/receivers (transceivers), as well as in Automated Test Equipment (ATE)
systems, like Vector Network Analysers (VNAs). As it is easy to envisage, the
intrinsic tunability of RF-MEMS enables pronounced reconfigurability of couplers/
splitters, both concerning selection of different RF signals to be mixed together, as
well as with reference to the extent (in terms of dB) according to which such signals
must be coupled or split. As for other categories of RF-MEMS, the scientific
literature on directional couplers/splitters is populated by several significant con-
tributions, discussing various design concepts and diverse solutions in terms of
micro-fabrication technology platforms [129–135].

Returning to programmable phase shifters, a sub-class of RF-MEMS devices is
the so-called True-Time Delay Lines (TTDLs). These reconfigurable networks are,
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in fact, phase shifters with a quite pronounced linearity of the phase shift over
frequency. This characteristic ensures True-Time Delay (TTD), which is a constant
(i.e. invariant) delay with respect to frequency. Relevant papers discuss TTDLs in
RF-MEMS technology, as well as the achieved remarkable characteristics in terms
of reconfigurability [136–140].

Finally, to conclude this chapter, the flexibility of RF-MEMS technology in
implementing treatment functionalities of RF/microwave/millimetre-wave signals
has unequivocally emerged, in enabling high-performance, pronounced reconfigur-
ability/tunability and wideband operation over frequency. In the following
approaches, similar to those discussed in the previous sections, RF designers and
engineers now have the possibility to conceive innovative design concepts dedicated to
the implementation of RF-MEMS passives with characteristics that transcend those
reported up to now. Additionally, blending more functionalities, such as, for example,
reconfigurable phase shifting with multi-level step attenuation, within the same RF-
MEMS physical device, is also a viable option holding a not-so-hidden potential,
especially bearing in mind emerging 5G as well as beyond-5G applications.

1.3 Conclusion
This chapter developed a general discussion on Micro-ElectroMechanical Systems
(MEMS) and MEMS for Radio Frequency passives (RF-MEMS) technologies.
First, the inception of the concept of microsystems was analysed with reference to
the evolution of semiconductor technologies, highlighting common features as well
as how they can be differentiated. To this regard, a brief discussion was developed
around the evolution of (standard) semiconductor technologies, also including the
driving trend of Moore’s law, which basically described, and still continues to
describe, decades of transistors’ technology evolution. It was also remarked that, in
parallel to the maturation and consolidation of standard semiconductor technolo-
gies, experimentation of micro-fabrication steps devoted to obtaining microsystems,
i.e. micro-devices with mechanical properties, began in the late 1960s. Then, the first
examples of actual MEMS devices, reported in the literature in the second half of the
1970s, were also discussed.

The most widely exploited technology process flows for the realisation of MEMS,
namely surface and bulk micromachining, were also described, focusing on their
fundamental characteristics and on the typical features distinguishing one from the
other. Still referring to the intricate relationship between MEMS and standard
semiconductor technologies, the concepts of ‘More Moore’ and of ‘More than
Moore’ were debated, putting under the spotlight the opposite trends that micro-
systems and semiconductors follow concerning miniaturisation and customisation.

The concept of RF-MEMS was then introduced, stressing the relative novelty of
this kind of microsystem exploitation as compared to sensors and actuators, such as,
for example, inertial sensors (accelerometers and gyroscopes) and micro-mirrors.

The four main driving mechanisms to control RF-MEMS devices (electrostatic,
electromagnetic, piezoelectric, thermoelectric) were reviewed. Fundamental physical
considerations were also included regarding electrostatic actuation of RF-MEMS, it
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being one of the most diffused, as well as that exploited in the practical examples
that will be listed throughout this book.

Subsequently, the most common categories of RF-MEMS devices were intro-
duced, focusing both on simple components as well as on complex high-order
reconfigurable networks. Concerning the former, micro-relays (or switches), variable
capacitors (varactors) and inductors were reported. With reference to the latter,
instead, several classes of complex RF-MEMS networks were discussed, among
which are complex switching units, programmable step attenuators, impedance-
matching tuners, and so on. For all of the aforementioned categories of RF-MEMS,
typical design implementations and experimentally observed performance/charac-
teristics have been shown.
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